AbstractöGlial cells in situ are able to release neurotransmitters such as glutamate or acetylcholine (ACh). Glioma C6BU-1 cells were used to determine whether the mechanisms of ACh release by a glial cell line are similar or not to quantal release from neurones. Individual C6BU-1 cells, pre-¢lled with ACh, were moved into contact with a Xenopus myocyte that was used as a real-time ACh detector. Upon electrical stimulation, C6BU-1 cells generated evoked ACh impulses which were Ca 2þ -dependent and quantal (quantal steps of ca. 100 pA). Changes in plasma membrane ultrastructure were investigated by using a freeze-fracture technique designed for obtaining large and £at replicas from monolayer cell cultures. A transient increase in the density of medium and large size intramembrane particles^and a corresponding decrease of small particles^occurred in the plasma membrane of C6BU-1 cells stimulated for ACh release. Changes in interaction forces between adjacent medium and large particles were investigated by computing the radial distribution function and the interaction potential. In resting cells, the radial distribution function revealed a signi¢cant increase in the probability to ¢nd two particles separated by an interval of 24 nm; the interaction potential suggested repulsive forces for intervals shorter than 24 nm and attractive forces between 24 and 26 nm. In stimulated cells, this interaction was displaced to 21 nm and made weaker, despite of the fact that the overall particle density increased. The nature of this transient change in intramembrane particles is discussed, particularly with regard to the mediatophore proteolipid which is abundant in the membranes C6-BU-1 like in those of cholinergic neurones. In conclusion, evoked ACh release from pre-¢lled C6-BU-1 glioma cells is quantal and Ca 2þ -dependent. It is accompanied by a transient changes in the size distribution and the organisation of intramembrane particles in the plasma membrane. Thus, for the release characteristics, glioma cells do not di¡er fundamentally from neurones. ß
Glial cells of the central and peripheral nervous systems have been reported to play more than a merely supportive and trophic role. In vertebrates and invertebrates, they contain neurotransmitters such as acetylcholine (ACh) or glutamate and are believed to exert a modulation of synaptic transmission (Dennis and Miledi, 1974; Villegas and Jenden, 1979; Parri et al., 2001) . However, the mechanisms of transmitter release by glial cells are still enigmatic. At the denervated neuromuscular junction, Schwann cells occupy the synaptic gutter and generate ACh quanta whose characteristics are, on several aspects, di¡erent from those of the classical quanta, produced by nerve terminals at normally innervated synapses (Dennis and Miledi, 1974; Kriebel et al., 1980) . Glutamate release from astrocytes can be elicited by various agents (glutamate itself, prostaglandins, bradykinin) and is Ca 2þ -dependent but resistant to tetanus toxin (Bezzi et al., 1998) . This rises intriguing questions since glial cells do not exhibit the characteristic cytological di¡erentiation of nerve terminals. Is the mechanism of release di¡erent in neurones and glial cells? Are the membrane changes accompanying transmitter release the same in glia and neurones?
Rat glioma C6-BU-1 cells (C6 cells) are particularly suited for addressing such questions. Although they do not express proteins of the cholinergic locus (choline acetyltransferase and the vesicular ACh transporter) they e⁄ciently release ACh in a Ca 2þ -dependent manner, as demonstrated by pre-¢lling the cells with the transmitter (Israe «l et al., 1994; Falk-Vairant et al., 1996b) . Under these conditions, C6 cells release either ACh or GABA, but not glutamate (Israe «l et al., 1997) . This might be surprising since C6 is regarded as an astrocytoma cell line, and astrocytes in situ e⁄ciently release glutamate (Bezzi et al., 1998; Parri et al., 2001) .
In the present study, we have further investigated the 125 *Corresponding author. Tel.: +41-22-702-54-32; fax: +41-22-702-54-52. E-mail address: yves.dunant@medecine.unige.ch (Y. Dunant). Abbreviations : ACh, acetylcholine; C6, glioma C6BU-1 cells; DMEM, Dulbecco's modi¢ed Eagle's medium ; FCS, foetal calf serum ; HEPES, N-(2-hydroxyethyl)piperazine-NP-(2-ethanesulphonic acid); IMP, intramembrane particle ; P-or E-face, the cytoplasmic lea£et of the plasma membrane, respectively; PBS, phosphate-bu¡ered saline.
quantal nature of ACh release from individual C6 cells in response to electrical stimulation, by using Xenopus myocytes as real-time ACh detectors. We have also measured ACh release from populations of C6 cells by using a calcium ionophore and a chemiluminescent assay. Monolayer cultures were ¢xed at di¡erent periods of time after the onset of stimulation and prepared for freeze-fracture morphology. Since we observed a transient alteration in the size distribution of intramembrane particles (IMPs), we submitted the membrane pictures to pair distribution analysis for determining whether reciprocal interaction exists between particles (most probably proteins) and whether these parameters are altered during activity. This work also a¡orded the opportunity to compare the mechanisms of ACh release taking place in C6 cells to those of neuronal cell lines or naturally occurring nerve terminals.
EXPERIMENTAL PROCEDURES
Cell culture C6-BU-1 cells (provided by M. Israe «l, Gif-sur-Yvette, France) were cultured in Dulbecco's modi¢ed Eagle's medium (DMEM; Eurobio, France; Ca 2þ concentration: 1.46 mM) supplemented with glutamine (2 mM) and 10% foetal calf serum (FCS). The cultures were carried out at 37 ‡C in a 5% CO 2^9 5% air mixture saturated with water. To be ¢lled with ACh, the cells were deprived of choline during 4 days before experiments. Twelve to 15 h before the release run, the cells were loaded with ACh (40 mM) in the presence of ecothiopate iodide (1 WM; a generous gift from Wyeth-Ayerst Pharmaceuticals, St. Davids, PA, USA). For morphological experiments, cultures were grown in monolayer until con£uence on plastic coverslips (Thermanox 0 , Nunc, IL, USA).
Real-time detection of quantal ACh release
In brief, pre-¢lled C6 cells were harvested after trypsin treatment, extensively washed with choline-free DMEM and carefully laid down onto a culture of embryonic Xenopus myocytes. By using a ¢ne-tipped glass micropipette (8^10 M6) ¢lled with the extracellular solution, one C6 cell was then gently manipulated and placed into contact with a spherical myocyte. The same pipette was used to stimulate the glioma cell extracellularly (square pulses of 2 ms, 1^2 V, applied at 0.25 Hz). Whole-cell recordings were performed from the myocyte which was voltage-clamped at 370 mV and membrane currents were monitored by an Axopatch 200-A ampli¢er (Axon Instruments, Foster City, CA, USA). Signals, low-pass ¢ltered at 1 or 5 kHz, were digitised on line at 2.5^10 kHz using a Lab-PC+ board (National Instruments, Austin, TX, USA) interfaced with a computer. Acquisition and o¡-line analysis were performed using the WCP software provided by J. Dempster (Strathclyde Electrophysiology Software, Glasgow, Scotland). Unless indicated, all recordings were made at room temperature in a solution containing (in mM): 140 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 20 D-glucose, and 10 HEPES (pH 7.3). The internal solution in the patch pipettes contained (in mM): 150 KCl, 1 NaCl, 1 MgCl 2 , and 10 HEPES (pH 7.2). The pipettes ¢lled with this solution had an open resistance of 3^5 M6, and access resistance was kept below 10 M6. For more details see FalkVairant et al. (1996a) and .
Biochemical detection of ACh release
ACh release was monitored by using the choline oxidase chemiluminescence procedure (Israe «l and Lesbats, 1981; Israe «l et al., 1994) . After four washings with DMEM lacking choline and FCS, and harvesting by trypsin treatment, a cell suspension volume corresponding to 10 5 cells was added to the chemiluminescent reaction mixture. The calcium ionophore A23187 (6 WM; Calbiochem, Lucerne, Switzerland) was then applied, followed by the addition of Ca 2þ (10 mM ¢nal concentration) which triggered transmitter release. The ionophore could also be given after or together with Ca 2þ , resulting in the same release kinetics. Subsequently, standard doses of ACh were added in the same vial to calibrate the amount released.
Stimulation of ACh release in morphological experiments
Experiments were carried out at room temperature with continuous and slow shaking. The culture medium was replaced by fresh DMEM lacking choline and FCS. To elicit release, the cultures were stimulated in situ by addition of the calcium ionophore A-23187 (6 WM) and Ca 2þ (10 mM ¢nal concentration). Controls were treated with the same Ca 2þ concentration but A23187 was omitted. At appropriate times, the cultures were progressively ¢xed by replacing the medium with a large volume of 4% paraformaldehyde in phosphate-bu¡ered saline (PBS). After 2 h ¢xation at room temperature, the cultures were washed three times 5 min in PBS.
Flatten-peeled and freeze-fracture procedures
This method (Corre 'ges et al., 1996) , provides freeze-fracture replicas exposing large and homogeneous areas of membrane cytoplasmic lea£et (P)-faces, which is very convenient for morphometric analysis (Bugnard et al., 1998) . The monolayer grown on a Thermanox 0 coverslip was £attened in a sandwich consisting of a piece of Falcon 0 membrane (Falcon Cell Culture Insert 3090; Becton Dickinson, Wohlen, Switzerland) and a glass coverslip. The sandwich was placed overnight in a closed humid chamber at 4 ‡C with a weight of about 5 g on the upper coverslip. The day after, the sandwich was separated and the coverslip with the attached and £attened monolayer was immersed in a solution of 30% glycerol/70% PBS (w/v) for 1 h. The coverslip was cut into squares of ca. 1 mm 2 which were attached with vinol on a gold carrier designed to be ¢tted onto the stage of the freeze-fracture apparatus. The assembly was frozen in a mixture of 90% propane and 10% isopentane maintained at 3180 ‡C with liquid nitrogen. Freeze fracture was achieved by peeling the membrane in a Balzers freeze-etch unit (BAF 300, Balzers AG, Balzers, Lichtenstein). Temperature was set at 3100 ‡C and pressure at 10 37 mbar. The Balzers knife blade was placed beneath the coverslip to which the cell culture was attached. The coverslip was removed by raising the blade slowly without touching the monolayer of cells. Reproducible replicas were obtained by evaporating 2 nm of platinum and 20 nm of carbon applied at 45 ‡ and 90 ‡, respectively. The replicas were detached from the gold carrier by immersion in a ¢ltered solution of hypochloride (42.3 g/l) during 20 min. Then, the replicas were skimmed with a solution of 1/3 methanol^2/3 chloroform for 20 min. The liquid was aspirated, leaving the replicas in the bottom of the receptacle. To catch the replicas, distilled water was slowly added, making them to £oat. Each replica was laid down on a 300 mesh copper grid (TEBRA 1GC400), dried, examined and photographed with a transmission electron microscope at 80 kV (Philips CM10, Philips, Eindhoven, Netherlands).
Morphometric analysis
For each condition, three cultures were proceeded and several regions were randomly photographed. IMPs and pits (vesicle openings) were quanti¢ed by three workers in a blind test protocol. The IMPs were counted within squares corresponding to 1 Wm 2 , on transparent sheets superimposed on the photographs at a magni¢cation of 34 000. For each condition, 10 squares of 1 Wm 2 were taken from ¢ve di¡erent cell membrane areas. The number of small, middle size and large IMPs was evaluated on the squares by comparison with 'standard' IMPs drawn on the transparent sheet. In addition, we have measured more directly the diameter of at least 120 individual IMPs taken from ¢ve di¡erent areas in four experimental conditions. The IMP diameter was measured as the length of a line drawn at the base of the triangular shadow projected by the particle, perpendicular to the direction of the shadowing. Pits (vesicle openings) were counted in a blind manner by three persons on 10 areas of 23.75 Wm 2 for each condition at a magni¢cation of 13 500. For quantitative analysis, the £atness of replicas and the quality of shadowing were the only criteria of choice. The Student's unpaired t-test was used to determine the signi¢cance of di¡er-ences between the values of data groups.
Pair distribution function and interaction potential
By de¢nition, the pair distribution function g(r) is the ratio of the IMP density P(r) in an annulus de¢ned by radii r and (r+vr) centred on a given particle, to b, the overall mean density of IMPs. Consequently, a g(r) value larger than 1 at a given interval, means that the density of particles is locally higher than the overall mean IMP density. Conversely, at a distance where g(r) is smaller than 1, the IMP density is lower than the overall mean density. The di⁄culty of calculating g(r) resides in the determination of P(r), which need the knowledge of the co-ordinates of all proteins. To that end, the position of all IMPs with a diameter v 10 nm was marked on a transparent sheet superimposed to photographs of the freeze-fracture replicas (magni¢cation: 100 000). This was done for the two experimental conditions which exhibited the most signi¢cant IMP changes. Namely, we analysed 1 Wm 2 squares of 10 P-face replicas from di¡erent resting cells (908 IMPs) and of height P-face replicas from di¡er-ent 'releasing' cells (1741 IMPs), that is, from cultures whose ¢xation started at 10 s after Ca 2þ application. IMP co-ordinates were then obtained by digitising the transparent sheets containing the particle positions.
Another useful function is the pair correlation function [g(r)31], which measures the correlation between two proteins separated by a distance r. This function can be divided into a sum of a direct contribution, c(r), and an indirect contribution due to a third particle located at rP: g(r)31 = c(r)+b2c(rP) [g(rP)31]drP, which is called the Orstein^Zernike (OZ) equation (Ornstein and Zernike, 1914) . The interaction potential, u(r), is then related to c(r) through the Percus^Yevick (PY) equation (Percus and Yevick, 1958) : c(r) = g(r)(13e uðrÞ / kBT ). As a consequence, the interaction potential can be derived from g(r) by solving the OZ and PY equations, by using the algorithm of Lado (1968) .
RESULTS

Quantal ACh release from pre-¢lled C6 cells
Under the present experimental conditions, the glioma C6 cells grew easily in culture, became elongated and formed a network when approaching con£uence (Fig.  1A) . Cells in monolayer culture were pre-¢lled overnight by incubation in the presence of 40 mM ACh. They were subsequently washed, resuspended and transmitter release was elicited by application of Ca 2þ in the presence of the calcium ionophore A23187. The time course of release was monitored by the light trace of the luminescence reaction. The release rate was maximum about 2 min after Ca 2þ application. Then it subsided (Fig. 1B ). Control cells, treated with the same Ca 2þ concentration (10 mM) in the absence of A23187, did not release any ACh. This was a ¢rst way to demonstrate that ACh release by C6 cells is Ca 2þ -dependent. A similar protocol was used to stimulate the C6 cultures in the morphological experiments described below. Individual cells, pre-¢lled with ACh, were moved into contact with a voltage-clamped embryonic Xenopus myocyte. Evoked ACh release was elicited from the C6 cell by brief depolarising pulses, and recorded in real-time from the myocyte as rapid inward currents. Under these conditions, a glioma cell can generate 20^50 responses. In many cases, the amplitude of the currents progressively declined as a function of time. Under favourable conditions, the amplitude £uctuated around a constant mean level. In these cases the responses exhibited discrete preferential steps, showing that ACh release from the C6 cell is quantal (Fig. 1C) . The evoked currents resulted from the nicotinic action of ACh quanta on the myocyte receptors since tubocurarine (10 WM) abolished the responses (not illustrated). The Ca 2þ -dependency of this evoked quantal release was assessed by temporarily perfusing the preparation with solution containing a high Mg 2þ concentration and no added Ca 2þ . As seen in Fig. 1D , evoked ACh release was abolished in Ca 2þ -free medium.
Changes found in freeze-fracture replicas of C6 cell membranes
Large and £at areas of plasma membrane P-faces were obtained in the freeze-fracture replicas from C6 cultures submitted to the '£atten-pealed' procedure. In control cells, pits of 40^70 nm diameter, most probably corresponding to vesicle openings, were encountered at a low frequency (approximately 1 per 10 Wm 2 ). In addition, the P-faces were populated by a host of IMPs of various sizes (623 þ 11 per Wm 2 ). Based on previous work on synapses in situ (Garcia-Segura et al., 1986) and neural cell cultures , we have divided IMPs into three classes: (i) large IMPs, with a diameter larger than 12.38 nm, (ii) medium size IMPs, ranging from 9.9 to 12.38 nm, and (iii) small IMPs with a diameter inferior to 9.9 nm. In control cells, the large IMPs were the minority (5%) while the small IMPs represented the prevailing population (66%; Figs. 2 and 3) . The relative proportion of each class was fairly constant from one cell to another. Also the IMP density appeared to be relatively homogenous over these P-face areas. We did not notice 'specialised zones' in this respect.
To evaluate the changes accompanying and following ACh release, the cultures were stimulated by Ca 2þ application in the presence of the ionophore A23189 and the ¢xative was applied at di¡erent times after Ca 2þ addition. It should be stressed here that physiological processes are only slowly arrested during chemical ¢xation. While the luminometer trace gives a faithful image of the time course of ACh release (Fig. 1B) , the times indicated for morphology are the times when the ¢xative was applied to the cultures. It certainly took 1^2 min until the membrane and intracellular processes could be arrested by chemical ¢xation (Buckley, 1973; Smith and Reese, 1980) . We choose a chemical ¢xation in the present work chie£y because it a¡orded the use of the £atten-peeled procedure which provided unrivalled repli-cas for morphometric analysis. On the other hand, this hindered us to determine the actual time course of membrane changes (see Discussion).
A dramatic change a¡ected IMPs in cells that were submitted to the ¢xative from 10 s after Ca 2þ application (¢xation proceeding during the ¢rst 1^2 min). The total number of IMPs was not signi¢cantly modi¢ed at this stage (645 þ 15 IMPs per Wm 2 ) but their size distribution was markedly altered (Fig. 2) . At the 10-s point, the large IMPs and still more the 10^11-nm IMPs (medium class) greatly increased in number. For this period, the middle class transiently became the most abundant population. On the other hand, the density of the small IMPs decreased in proportion of the rise of middle size IMPs (Fig. 3) . This occurred quite homogeneously on the whole surface of membrane replicas, without 'active zones' formation. The IMP change occurring during this initial period was highly signi¢cant, but it was transient. When ¢xation was started at 30 s or later, the proportion of large and medium size IMPs returned toward control values while the small IMPs became again the prevalent population. Some damped oscillation of IMP size distribution occurred during the recovery phase. Strikingly, during the whole course of the experiment, the curve describing the small IMPs density was practically the mirror image of that of middle size IMPs. 35 cells, pre-¢lled with ACh, were washed and resuspended in a medium containing the ingredients for the luminescence reaction. Then, the calcium ionophore A23187 (6 WM) was added to the mixture, followed by 10 mM CaCl 2 (arrow). The time course of ACh release was detected as an increase in luminescence. Standard doses of ACh were subsequently given to calibrate the response. (C) Evoked ACh release by a C6 cell pre-¢lled with the transmitter. The cell was stimulated by depolarising pulses (2 ms, 1 V, 0.25 Hz) applied through an external electrode. ACh release was detected by a Xenopus myocyte, voltage-clamped at 370 mV and placed in close contact with the C6 cell. The rapid inwards currents arose from activation of myocyte nicotinic receptors by the ACh quanta released from the glioma cell in response to electrical stimulation. In the picture, they were superimposed on the stimulation artefact. The evoked currents peaked at preferred amplitudes separated by approximately 100-pA intervals (see dotted lines). (D) In a similar experiment, the amplitude of the myocyte current has been plotted as a function of time. The C6 cell was given occasional electrical stimuli at the times indicated by the responses. All responses have been shown in the picture, including one 'failure'. During the two periods indicated, the external medium was replaced by a solution containing no added Ca 2þ and the mentioned concentrations of Mg 2þ . As a result, release was inhibited. Between these periods the current amplitude exhibited quantal £uctuations like in (C).
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In the above analysis, IMPs were simply distributed into three predetermined size classes. Although the results blindly obtained by the three observers displayed a very satisfying concordance (no more than 10% variation), we found it appropriate to work out a more precise description of the phenomenon by measuring individually the diameter of IMPs at four time periods of the release course (unstimulated controls, and cells whose ¢xation started at 10 s, 1 min and 5 min after Ca 2þ application). Using this procedure, the number of IMPs counted was lower (120 or more per condition) but the measurement of diameters was more accurate than in the ¢rst procedure. The size distribution histograms obtained in this way (Fig. 4) con¢rmed the transient shift occurring at the initial phase. During this period, the IMP diameters showed a peak at 10^11 nm. In all other conditions, the small particles were the majority.
We also counted in the replicas the number of pits (vesicle openings) present in the P-face of C6 cells. The density of pits remained constant in the membrane of cells which were given the ¢xative at 10, 30 and 60 s after Ca 2þ application. Thus, the marked IMP alteration happening in the initial period of time was not accompanied by any signi¢cant change in pit occurrence. An increase in pit density was seen later on (¢xation starting at 2.5 min) but was not statistically signi¢cant (Fig. 3) . At this time, the distribution of pits displayed rather important variability from one area to another in the same P-face replicas. Some cells displayed large P-face surfaces devoid of pits; in other cells, quite a number of regular 50-Wm pits were grouped in con¢ned areas.
Control cells (resting condition) in the above results were those submitted to the Ca 2þ challenge in the absence A23187. We checked in the luminescence experiments that no ACh release was elicited under these conditions. Previous work using releasing and non-releasing cells showed that A23187 per se (without Ca 2þ ) did not produce signi¢cant pit or IMP changes in the membranes .
Pair distribution function and interaction potential between IMPs
The IMP changes observed during the initial period of the experiments suggested some transient remodelling a¡ecting intramembrane proteins at this stage. This raised important questions concerning the organisation of proteins in the plan of the membrane, principally: whether there are interactions between neighbouring IMPs, and whether these interactions change during activity.
The radial distribution function g(r) and the interaction potential u(r) of particles v 10 nm were determined on replicas for the two most characteristic conditions, that is for resting cells and for those exhibiting the highest IMP change (¢xation starting at 10 s after Ca 2þ application). Results are illustrated in Fig. 5 . At rest, the g(r) function showed a peak for an inter-particle distance of 24 nm. Thus, 24 nm represented a preferential mean distance between the centre of two neighbour IMPs. Since the negative derivative of the interaction potential u(r) is the force F(r) = 3du(r)/dr, we conclude that the decreasing values exhibited by u(r)/k B T for intervals shorter than 24 nm indicate repulsive forces (i.e. F(r) s 0) between particles. Beyond this minimum the interaction potential increased, suggesting attractive NSC 5590 28-6-02
Intramembrane particles and ACh release 129 forces (i.e. F(r) 6 0). The 24-nm interval could therefore be taken as equilibrium distance between repulsive and attractive forces (i.e. F(r) = 0). In replicas from 'active' cells (¢xation starting at the 10-s point), the density of the v 10 nm IMPs increased markedly (see above) and the pro¢le of g(r) was signi¢-cantly altered. The position of the peak was shifted to a lower value (21 nm) and the amplitude of the variation was much reduced. Correspondingly, the interaction potential of stimulated specimens displayed a minimum at 21 nm. The general shape was maintained but the amplitude change at 21 nm was lower than the value found in resting cells at 24 nm. In other words, the distribution of IMPs in the plan of the membrane showed a reduced degree of reciprocal interaction during activity. The diameter of 120 or more particles per condition was measured as the length of a line drawn at the base of the shadow projected by the particle, perpendicular to the direction of the shadowing. The shift toward a larger IMP size is clearly seen in cells whose ¢xation began 10 s after Ca 2þ application. The classes of small, medium and large IMPs (as de¢ned for the large scale analysis of Fig. 3 ) are shown here using white, hatched and black histobars, respectively. Fig. 3 . Succession of morphological changes when the ¢xative was applied at di¡erent times during the course of the release experiments. (Top) Changes in the density of IMPs. Large, medium and small size IMPs are particles with a diameter s 12.38 nm, 9.91 2.38 nm, and 6 9.9 nm, respectively. The proportion of the three IMP classes has been plotted here since the total number of particles did not change signi¢cantly (see text). Modi¢cations of the small IMP density are the mirror image of those of the middle size IMPs. *P 6 0.05, **P 6 0.01, with respect to unstimulated cells, the values of which were indicated at the time (t = 0). (Bottom) Density of pits (vesicle openings) in the same replicas. The increase at 2.5 min was not statistically signi¢cant. As explained in the text, the times marked here are the times when the ¢xation solution was added to the cultures. The ¢xation itself proceeded only slowly after this time, probably taking 1^2 min.
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Calcium-dependency and quantal nature of ACh release by glioma cells
Schwann cells at the denervated neuromuscular junction were shown to release ACh in a quantal manner. However, the characteristics of the ACh quanta produced di¡er on several aspects from the classical quanta generated by nerve endings. The endplate potentials generated by Schwann cells occur at a low frequency: this frequency is rather reduced than increased by rising the Ca 2þ concentration. In addition, their amplitude and time course exhibit large variations, with a majority of small quanta displaying a skewed size distribution (Birks et al., 1960; Kriebel and Gross, 1974; Kriebel et al., 1980; Colme ¤us et al., 1982) . In the present work, ACh was released in a clearly Ca 2þ -dependent manner from pre-¢lled C6 cells, as demonstrated by using either the chemiluminescent assay, or the electrical stimulation combined to Xenopus myocyte real-time recording. One has to keep in mind, however, that the experimental conditions are quite di¡erent. At the denervated endplates, it was the spontaneous release that was observed while in the present experiments, Ca 2þ was forced to enter the cells, either by electrical depolarisation or by an ionophore. With this type of stimulation, other types of neural and non-neural cells can also release ACh in a quantal manner (Falk-Vairant et al., 1996c) .
In the experiment illustrated in Fig. 1 , the size of the quantal steps was close to 100 pA. Knowing that (i) opening of one Xenopus embryonic nicotinic receptor under the present conditions will generate a current of 1^2 pA (Kidokoro and Rohrbough, 1990) , (ii) two ACh molecules are needed to activate one receptor, (iii) presumably more than half of the molecules are wasted in the process, the quanta recorded here should result from the synchronous release of at least 400 ACh molecules. This is much less than the 6000^10 000 molecules estimated for the full quantum in adult neuromuscular or nerve^electroplaque junctions (Ku¥er and Yoshikami, 1975; Girod et al., 1993) , but compares well with the values reported in embryonic endplates (Evers et al., 1989) , sympathetic ganglia (Bennett, 1995) , or in the population of small miniature currents which is believed to be the substructure of the classical quantum (Kriebel and Gross, 1974; Girod et al., 1993) . A slightly larger value (200 pA) was obtained using neuroblastoma N18-TG-2 cells after transfection with the mediatophore, a proteolipid present in the presynaptic membrane cholinergic nerve terminals (Falk-Vairant et al., 1996a) .
Thus, considering the elementary mechanism of quantal transmitter release and its Ca 2þ -dependency, it may be hard to distinguish a 'neuronal mode' and a 'glial mode' of release (see Table 1 ). Probably the di¡erences in situ result more from di¡erences in the regulations of release, corresponding to well-known di¡erences in cytological di¡erentiation (di¡erent ion channels, involvement of synaptic vesicles, etc.).
Freeze-fracture morphology; IMPs and vesicle openings
The membrane changes accompanying and following ACh release were observed here in freeze-fracture replicas obtained from chemically ¢xed preparations. This approach has advantages and inconveniences. On the one hand, our main objective was to obtain reliable pictures for the above-described parametric analysis. Chemical ¢xation a¡orded the use of the £atten-peeled Fig. 5 . Pair distribution function of IMP v 10 nm in the P-face of glioma C6 cells, at rest and during the initial phase of the release run. In the replicas from control cells, the radial distribution function g(r) reached a marked peak at r = 24 nm (dotted line, arrow). This means than particles situated at 23^24 nm from each other were signi¢cantly more numerous than expected from random distribution. Correspondingly, the interaction potential u(r)/k B T showed a minimum value for this interval (open circles). In stimulated cells, the peak of g(r) was displaced to 6 21 nm and had a lower amplitude (continuous line, arrow); the corresponding values of u(r)/k B T were displaced and attenuated (¢lled squares). Thus, the reciprocal interactions between medium and large IMPs were diminished during release, although their density was markedly increased. See further explanations in the text.
procedure which could provide the large and £at membrane areas we needed to this end. On the other hand, chemical ¢xation was shown to arrest physiological processes only slowly (Buckley, 1973; Smith and Reese, 1980) . The cryo¢xation approach used previously to catch the real time course of synaptic events (Heuser et al., 1979; Garcia-Segura et al., 1986; Muller et al., 1987) would of course have given a much better time resolution, but it was less suitable for our purpose. Beyond this limitation, it was most important to determine whether the changes previously caught with rapid-freezing procedures could also be observed after chemical ¢xation. In the present set of results, chemical ¢xation must have caught the changes occurring during the ¢rst to second minutes following ¢xative application. It is therefore only the order of succession of events which is important to take into account here. With this caveat in mind and on the basis of previous papers, it is reasonable to propose that the transient changes observed in cultures during the initial period after Ca 2þ application (¢xation starting at 10 s) corresponded to the release phase. A similar shift in time was observed under the same conditions in experiments using neuroblastoma cells . Moreover, the IMP changes reported here closely resembled the modi¢cations previously found in other preparations, either chemically ¢xed or cryo¢xed. A marked increase in the density of medium and large IMPs, accompanied by a corresponding diminution of the small IMPs was reported for Torpedo synaptosomes quickly frozen during transmitter release (Israe «l et al., 1981) and in mammalian brain synaptosomes chemically ¢xed during KCl depolarisation in the presence of Ca 2þ (Takano and Kamiya, 1979 ). An abrupt and £eeting rise in the density of medium and large IMPs has also been caught in the presynaptic membrane of rapidly frozen natural synapses during the precise time of release (Heuser et al., 1979; Garcia-Segura et al., 1986; Muller et al., 1987) .
As for vesicle openings, the small increase observed in the present work was not signi¢cant. Stimulation of natural synapses results in an increase in the density of pits in the presynaptic membrane but, with one exception, i.e. the use of the 4-aminopyridine-treated neuromuscular junction (Heuser et al., 1979; Torri-Tarelli et al., 1985) , the occurrence of vesicle openings was constantly delayed with regard to the very moment of transmitter release (see Table 1 , and Dunant (2000) for a review).
Signi¢cance of the IMP changes
IMPs in replicas from living cells are generally believed to result from the presence of intrinsic membrane proteins (Branton, 1969) , although IMPs were also demonstrated in arti¢cial lipid membranes in the total absence of proteins (Verkleij, 1984) . In a recent paper (Eskandari et al., 1998) , a relation was found between the size of IMPs resulting from expression of known proteins in the oocyte membrane and the number of K-helices spanning in the plasmalemma. So, one K-helix would occupy 1.4 nm 2 of IMP surface. In our and other experiments the diameter of the transient IMP population arising during quantal ACh release was 10^12 nm and the thickness of the replica platinum ¢lm was approximately 2 nm. Thus, the protrusions causing such IMPs had a diameter Bugnard et al., 1999 . h Katz, 1969 . i Bennett, 1995 . j Garcia-Segura et al., 1986 . k Muller et al., 1987 . l Dunant, 2000 . m Heuser et al., 1979 . n Morel et al., 2001 of approximately 6^8 nm and an area of 28.3^50.2 nm 2 . This would correspond to 20^36 K-helices that would transiently appear inside the membrane. In this view, a peculiar protein would form only a small protrusion at rest^a small particle^in the interlea£et fracture plan. On activation, it would become more salient consecutively to some reorganisation or displacement of K-helices.
Other hypotheses could be put forward. The opposing changes in the number of small and middle size particles might suggest that membrane proteins momentarily form aggregates of a larger diameter when activated. A further proposal is that activation of releasing pores temporarily created hydrophilic sites inside the membrane. The water evaporated during the fracture process might recondensate on these hydrophilic spots and 'decorate' them (Gross et al., 1978) .
Which protein could be concerned by the transient increase in the number of 10^12 nm IMPs? The integral membrane protein called mediatophore is a candidate. Mediatophore is an oligomer composed of a 15^16-kDa proteolipid, present at the active zone of the presynaptic cholinergic terminals. The 15 kDa proteolipid was shown to be much more abundant in the plasma membrane of C6 cells^which e⁄ciently release ACht han in the membranes of the neuroblastoma N18-TG-2 cells^which are not able to release pre-¢lled ACh (Israe «l et al., 1998) . Reconstituted in various systems, mediatophore supports Ca 2þ -dependent and quantal ACh release (Israe «l and . Moreover, IMPs were observed during ACh release in the membrane of proteoliposomes containing mediatophore as the unique protein (Brochier et al., 1992) . Also, transfection of neuroblastoma N18-TG-2 cells with mediatophore cDNA induced both a Ca 2þ -dependent and quantal ACh release (Falk-Vairant et al., 1996a; , and a transient increase of medium and large IMPs , as summarised in Table 1. The 15-kDa proteolipid forming mediatophore is implicated in several cellular processes. It is a component of the membrane sector of V-ATPase (Nelson and Harvey, 1999) ; it was found in invertebrate gap junctions (Finbow and Pitts, 1998) and was recently identi¢ed in the yeast as the Ca 2þ -sensitive proteolipid involved in membrane fusion (Peters et al., 2001) . As suggested by the latter authors, it is possible that the proteolipid rings of 15-kDa subunits forming mediatophores expand radially during opening. At rest they would appear in freezefracture replicas as small IMPs, but when activated they would form 10^12 nm IMPs.
Pair distribution function of IMPs in the cell membrane
The objective of this quantitative analysis was to determine whether speci¢c patterns of protein interaction occurred in the membrane and might parallel the IMP changes described here. The transient increase in density of the middle and large IMPs was accompanied by an important alteration of the pair distribution function, in particularly of the amplitude of the peak. Speci¢cally, in replicas from unstimulated cells, the peak of the pair distribution exhibited a high value (ca. 2.5) for a distance 23^24 nm (Fig. 5) , which means that a signi¢cant number of IMPs v 10 nm were associated at this distance under the resting condition. Indeed, although there was no obvious inhomogeneity in the overall distribution of large IMPs in the plane of the membrane, often the particles tended to form pairs, or small strings or aggregates at a distance (centre to centre) of slightly more than 20 nm (see circles in Fig. 2A) . Moreover, the interaction potentials in the resting conditions exhibited short-range repulsive interactions and strong long-range attractive interactions. The interval of 23^24 nm represented therefore an equilibrium point between attractive and repulsive forces. These patterns of interaction are not easy to interpret at the molecular level. They can result from direct interactions between proteins: electrostatic and van der Waals interactions (Israelachvili, 1985) , attractive membrane-induced interactions due to membrane £uctuations (Park and Lubensky, 1996) or protein^mem-brane mismatch (Aranda-Espinoza et al., 1996) . They can also arise from interactions involving the small IMPs. The latter were not included in the present analyses since many of them were at the limit of detection from the background granularity of the membrane picture and would be di⁄cult to analyse accurately.
The interparticle association was lessened in the membrane of excited cells, that is, of cells ¢xed in the initial period after Ca 2þ application. The peak of the distribution function reached then only the value of 1.5, indicating a looser interaction between the IMPs v 10 nm, despite the fact that their density was increased. The general shape of the interaction potential was slightly modi¢ed after stimulation, which means that the interactions were only weakly modi¢ed during ACh release. However, the position of the minimum potential was shifted, indicating either a decrease in the repulsive interactions at short intervals, and the amplitude change was lessened suggesting a decrease in the attractive forces at more than 21 nm. It can be concluded that the interactions between adjacent particles were stronger at rest than during activation.
CONCLUSION
One of our objectives was to use C6 cells as a model to determine whether the mechanisms of ACh release could be fundamentally di¡erent between cells of glial or neuronal origin. Clearly, they were not, for the criteria investigated here (Table 1) . Transmitter release from ACh¢lled C6 glioma cells was quantal and Ca 2þ -dependent, and was accompanied by a marked increase in the density of medium and large size IMPs in the plasma membrane. These three characteristics were also encountered in experiments using a neuroblastoma cell line transfected with the mediatophore 15-kDa proteolipid (which is also of neuronal origin: the electromotor nerve terminals of Torpedo). Moreover, Ca 2þ -depedency, quantal behaviour, and transient IMP changes are all typical for ACh release in naturally occurring cholinergic terminals. Particularly, the transient IMP change was observed in the presynaptic membrane during transmission of a single nerve impulse under the most physiological conditions (Muller et al., 1987) . The C6 cells have provided an excellent system in the present work for initiating a parametric analysis of the £eeting IMP changes a¡ecting the plasma membrane during transmitter release.
However, on several points the present approach allows only for limited conclusions. Chemical ¢xation precluded any faithful analysis of the time course of morphological events, and might have brought by itself modi¢cations in the repartition of particles in the plan of the membrane. Also the external lea£et-faces of the plasma membrane could not be quantitatively examined although they might have been the site in interesting IMP changes. Finally the relationship between the 10^12 nm IMPs and mediatophore molecules could only be attempted on the basis of other works. To solve these questions, we have chosen to work again on the natural synapses in situ, by using in combination ultra-rapid freezing (Muller et al., 1987) , labelled-fracture localisation of mediatophore proteolipid (Morel et al., 2001 ) and the above-described pair distribution analysis.
